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Abstract
In the present study, the assessment of an industrial 1D design method carried out on a axial fan geometry at load
controlled windmilling conditions is numerically investigated. Initially, the ram air is equipped with a classic fan, only
conceived to work as a compressor. The purpose of the new fan is to be able to work in antagonist functioning modes
with high efficiencies: a compressor mode during which energy is given to the flow and a turbine mode (windmilling
conditions) where energy is extracted from it. A numerical study was conducted to check the results predicted by the
design tool on the new geometry. Good efficiencies were observed in both compressor and turbine modes, confirming
the relevance of the design method. Afterwards, a thorough local comparison was achieved between the two fans to
better understand the flow topology of the new design.
Keywords: Windmilling, energy recovery, high compressor/turbine efficiency, design study, massive separation
Introduction
An important consideration in the manufacturing of to-
day’s aircrafts is the growing need in ”electrical energy”
[1]. To solve this problem, any potential energy sources
are investigated. The windmilling operation has so far been
considered as a marginal situation during flame-out of aero
engines. It is now regarded as a potential energy recovery
device for air system fans.
The present study is focused on a fan, located down-
stream of an air intake (Figure 1), which is only used to
cool heat exchangers when the aircraft is on the ground.
In flight, this function is carried out by the high massflow
created through a ram air. Consequently, the fan is of no
use and windmills freely. The main objective is to turn
this dead weight into a high potential electrical generation
device. Thus, the fan must be an efficient turbine without
damaging its performance as a compressor.
NACA air intake
Heat exchanger
Electric engine
turned OFF
Figure 1 Configuration in flight conditions.
The assessment of the global performance of the cur-
rent fan (referred as ”Fan 1”) come within the scope of a
first study [2][3]. It led to the conclusion that the fan is
not suitable for turbine mode. The maximum experimental
efficiency reached at windmill is about 0.2 as against 0.8
in compressor mode. This result is not surprising since the
fan was initially designed to operate in the single compres-
sor mode. A thorough numerical study was performed to
determine the origin of this poor windmilling performance.
The flow is characterized by highly negative incidences on
both rotor (≈ −20◦) and stator (≈ −50◦), leading to mas-
sive separations [4][5]. Most of the losses were found to
occur in the stator. Another critical point that deserves to
be underlined is the mixed local behaviour along the rotor
blade at the boundary between the global compressor and
turbine modes (switch zone). It is illustrated in Figure 2.
Fan 1
Rotor Stator
TurbineCompressor Separation
ψˆ < 0
Compressor Turbine
ψˆ > 0 ψˆ = 0
Figure 2 Fan 1 characteristics.
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In this Figure, the loading coefficient ψˆ enables to de-
fine the different functioning modes occurring in the ro-
tor. It is equal to the total enthalpy variation per mass
unit divided by the square of the rotational speed at a
given value of radius, rˆ, that will be introduced later in
this paper: ψˆ = ∆hi(ωrˆ)2 . The mixed local behaviour hap-
pens around the operating point corresponding to a zero
global work. Outboard sections were reported to extract
work from the fluid (turbine mode) whereas inboard ones
give energy to it (compressormode) [2][6][7]. When going
from compressor to turbine mode, the energy-extracting
zone at the shroud is gradually moving hubward. In ad-
dition, separation occurs progressively at the shroud. The
zero global work operating point is obtained in these con-
ditions when the antagonist zones (compressor/turbine) on
the blade are cancelling each other. The existence of this
dual behaviour on the blade is responsible of the poor per-
formance recorded in the switch zone.
Taking into account the observations obtained on the
current fan, a new geometry (referred as ”Fan 2”) is pro-
posed. This design was carried out by means of a 1D
approach. The goal of the new fan is to get a high effi-
ciency in both compressor and turbine modes, in particu-
lar by decreasing the losses and suppressing the antagonist
behaviour along the blade at the switch zone (Figure 3).
Thus, the rotor and stator blades are both improved. As
regards the rotor, the chord and blade angles are adapted
to enable a clear switch between the compressor and tur-
bine modes, passing through a zero work state along the
blade. Regarding the stator, as most of the losses are due
to a poor adaptation at the inlet, a variable geometry solu-
tion is imagined. This consists in inverting the value of the
stagger angle, as indicated in Figure 3.
TurbineCompressor Zero work
ψˆ = 0
Stator suitable
for compressor
mode
Stator suitable
for turbine
mode
Fan 2
Rotor Stator
ψˆ < 0
Compressor Turbine
ψˆ > 0
Figure 3 Fan 2 characteristics.
The scope of this study is to assess numerically the re-
levance of the design method thanks to steady simulations
on Fan 1 and Fan 2. The numerical results in terms of
potential and efficiency are first compared for both com-
pressor and turbine modes. Then, the analysis focuses on
the windmilling operation to better understand the global
performance of the new fan. The local topology for both
fans is thoroughly analyzed in that purpose.
Numerical set up
The numerical domain for Fan 1 and Fan 2 is dis-
cretized with a multi-block structured mesh generated with
AutoGrid 5TM, a module of FINETM/Turbo (CFD suite
of Numeca). The mesh consists of O-grid blocks located
around the blades, and H-grid blocks in the passage.
The overall mesh size, previously tested according to the
objectives of this study, is 1.5M pts with 0.7M pts in the
rotor and 0.4M pts in the stator for both fans. The first cell
at the wall was set to 10 µm. The mean value of the y+
parameter is about 1.6 (y+max ≈ 8) for all computations.
A three-dimensional finite-volume Navier-Stokes
solver was used for the mixing plane steady simula-
tions. They were performed with the Euranus solver of
FINETM/Turbo V9.0.2. Time discretization is ensured by a
four-stage Runge-Kutta scheme. Local-time stepping and
a three-level multigrid technique are used to accelerate
the convergence. The discretization in space is based on
a cell-centered finite-volume approach. Convective fluxes
are determined by a second-order centered scheme with
added Jameson artificial dissipation. Uniform absolute
total pressure and temperature were imposed at the inlet.
At the outlet, the massflow was imposed with pressure
adaptation. As for the turbulence closure, the two-equation
SST model was used. In agreement with the NUMECA
documentation [8], the turbulence intensity was set to 5%
(internal flows). A fully turbulent flow is assumed.
The computations for both fans were carried out
on different speed lines for several values of massflow,
from compressor surge to turbine blockage. A particular
attention is given to the boundary region between the two
operating modes.
Theoretical background
Figure 4 illustrates the variables and conventions used,
on the velocity diagram of an axial fan in load controlled
windmilling conditions.
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Figure 4 Angle, plane and velocity conventions.
As regards the overall performance of the two fans, a
loading to flow coefficient diagram is used, as recorded in
the literature [2][9]. This representation is both convenient
and relevant since simple relations, only depending on the
rotor geometry, exist between the two parameters.
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The local loading and flow coefficients are respectively
defined as follows: 

ψ =
∆hi
U2
(1)
φ =
Vx
U
(2)
For the record, the loading coefficient, ψ, corresponds to
the total enthalpy variation per mass unit through the ro-
tor, ∆hi, adimensionalized by the square of the rotational
speed, U . The flow coefficient φ is the ratio of the axial
velocity, Vx, and the rotational speed.
By means of the conventions given in Figure 4, the sim-
ple relation between the flow and loading coefficients can
be expressed as:
ψ = 1 + nφ with n =
Vx2
Vx1
tanβ2 − tanα1 (3)
The relation (3) corresponds to the local formulation of the
(ψ,φ) characteristic at a given radius. It is generally found
in this form in the literature. However, the relations (1) and
(2) can be integrated along the blade span, under some hy-
potheses, to account for the radial distribution of the flow.
This global formulation requires the definition of a referen-
ce radius, for the rotational speed, to get an intercept equal
to 1 [2], as for the local formulation. In the present paper,
for convenience, the radius-depending parameters are ex-
pressed at this specific value, named rˆ, corresponding to
the quadratic mean of hub and shroud radii, as indicated
below:

 rˆ =
√
r2shroud + r
2
hub
2
(4)
Uˆ = ωrˆ (5)
Using this reference radius, the flow and loading coeffi-
cients are written with a hatted formalism, φˆ, ψˆ, referring
to the global formulation of the theoretical model.
In order to clarify the presentation of the numerical
results, two additional flow coefficients need to be intro-
duced: φˆP and φˆ
∗. The former is the value of the flow
coefficient corresponding to a zero global work through
the machine: ψˆ(φP ) = 0. The latter is defined as follows:
φˆ∗ =
φˆ
φˆP
(6)
As a result, a value of the coefficient φˆ∗ superior to 1 refers
to turbine mode and a value inferior to 1 refers to com-
pressor mode. The higher this parameter is, the farther the
operating point is in the considered mode. All the radial
profiles of this paper are given for the two fans at three tur-
bine operating points. They are expressed thanks to this
specific flow coefficient, φˆ∗. Using this parameter enables
to compare the local topology of Fan 1 and Fan 2 in tur-
bine mode at the same distance from the zero global work
operating point.
Comparative analysis between Fan 1 and 2
In this section, the numerical results for both Fan 1 and
Fan 2 are presented. First, the gl..obal performances of the
two geometries are compared in compressor and turbine
modes. Then, the local behaviour at windmill is analyzed
thanks to radial distributions and flow visualizations.
- Energy recovery potential
Figure 5 shows the numerical trend between the flow
and loading coefficients. As mentioned in the previous sec-
tion, it is approximately linear. However, a slope break is
observed for Fan 1 at the boundary between the compres-
sor and turbine modes. This result is also recorded in the
literature for some geometries but only in the compressor
operating range [9]. This phenomenon is certainly typical
of the unusual geometry used in this study and needs to be
further investigated. The different values of φˆP are visi-
ble on the graph for both fans, as well as the location of
the design point. For Fan 1, numerical convergence wasn’t
reached for some operating points in turbine mode, hence
the missing points in the linear pattern around φˆ = 1.15.
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Figure 5 Loading to flow coefficient diagram for the two fans.
The value of φˆP for Fan 2 is half that of the second,
increasing the slope as a result. The more important this
slope is, for a given value of flow coefficient, the bigger
the loading coefficient is. In other words, the potential of
the fan for energy recovery increases. Therefore, the new
fan is more suitable for windmilling operation than the first
one. In order to get a higher slope for the second fan, the
location of the design point in the (ψ,φ) characteristic was
adapted by reducing the design flow coefficient. This was
achieved by increasing the rotational speed, since this pa-
rameter wasn’t set by the design specifications.
- Efficiency
Figure 6 shows the curves of efficiency obtained at
three rotational speeds in compressor and turbine modes
for both fans. For Fan 1, the results are extracted from ex-
periments carried out before the current study [3], whereas
for Fan 2 they comes from the numerical simulations per-
formed during the present work.
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Figure 6 Efficiency as a function of the flow coefficient:
compressor mode for Fan 1 (a) and Fan 2 (b), turbine mode
for Fan 1 (c) and Fan 2 (d).
Figure 6 shows that the two fans have a high efficiency
in compressor mode, leading to a maximum value of 0.8 in
both cases. However, it underlines the poor performance of
the first fan in windmilling operation where the maximum
efficiency is around 0.2. The second fan, on the contrary,
reaches high values, which are of the same order of magni-
tude than those of the compressor mode. The maximum
efficiency obtained is around 0.8. Consequently, the ini-
tial objective of high efficiency in compressor and turbine
modes for Fan 2 is reached. To better understand this good
behaviour in windmilling operation, a detailed analysis of
the local topology of the flow, especially focused on work
and losses, is carried out.
- Separation
To analyze more thoroughly the losses in the stage, vis-
cous stress lines are plotted on the rotor and stator blades
along with entropy contours at 10%, 50% and 90% of the
blade span. Figures 7 and 8 present the results for respec-
tively the first and second fan, for the operating point of
highest flow coefficient (φˆ∗ = 1.40). Regarding the con-
ventions, the flow is coming from the left to the right in all
flow visualizations.
According to [10], converging viscous stress lines plot-
ted on a blade skin represent reattachment lines, while di-
verging ones can be interpreted as separation lines. Fi-
gure 7 underlines the presence of a massive separation on
the suction surface of both rotor and stator blades for Fan 1.
A converging line can be seen in the rotor (7a) sugges-
ting that the flow is separated from the leading edge along
the whole span to this reattachment line. The flow reat-
taches progressively: near the hub, the separation is par-
tial, whereas outboard sections are completely separated.
This behaviour is also visible on the entropy contours (7b).
At h/H = 10%, the flow is attached, separation is only
effective at h/H = 50% and h/H = 90%, with a higher
intensity near the shroud. Regarding the stator of the first
fan, a diverging line is visible shortly after the leading edge
(7c). Only one reattachment line is present on the blade,
near the hub. The flow is separated from the leading to the
trailing edge along the whole span. The entropy contours
(7d) confirms once again this observation since all blade
to blade views show a high entropy level through the pas-
sage [11].
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Figure 7 Viscous stress lines and entropy contours on the
rotor (a) (b) and stator (c)(d) for Fan 1, for φˆ∗ = 1.40.
The viscous stress lines are plotted in Figure 8 on the
rotor and stator blades for Fan 2. The entropy contours are
also visible, with the same colormap as for the first fan,
to enable a direct comparison. A reattachment line can be
seen very early on the suction surface of the rotor blade
(8a), underlining a small separation zone, starting at the
leading edge in the middle of the span. The extend of the
separation zone on the rotor is far lower for Fan 2. The
entropy contours (8b) only show the presence of the wakes
and the tip leakage flow at the shroud. On the whole, the
entropy maximum intensity is far lower than for the first
fan. Consequently, the losses in the rotor of the second
fan are significantly reduced compared with the first one.
As regards the stator, the viscous stress lines pattern un-
derlines the presence of two separation lines: one near the
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hub and the other near the shroud. This means that the
flow starts to separate on the suction surface from the hub
and from the shroud at the same time. In addition, the en-
tropy levels are lower (maximum value about 25J/kg/K
for Fan 2 as against 105J/kg/K for Fan 1), attesting that
less losses are recorded.
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Figure 8 Viscous stress lines and entropy contours on the
rotor (a) (b) and stator (c)(d) for Fan 2, for φˆ∗ = 1.40.
- Incidences
The incidence profiles at the rotor (Figure 9) and sta-
tor (Figure 10) inlet are now analyzed. Figure 9 shows for
Fan 1 highly negative incidences for all turbine operating
points (≈ −25◦). The value of this parameter grows with
the flow coefficient φˆ∗ [12]. The highly separated flow
obtained on Figures 7a and 7b is therefore not surprising.
However, the most negative incidences are observed at the
rotor near the hub. The incidence is thus only partly res-
ponsible of the massive separations. The other important
parameter that has to be considered is the solidity, which
insures the guidance of the flow and is lower at the tip
blade. For Fan 2, the most negative values of incidence
are also observed near the hub. On the whole, incidences
are much lower (by≈ 20◦), hence the weak separation ob-
served on Figures 8a and 8b. This reduction in incidence
intensity means that, for Fan 2, farther incursion in turbine
mode is achievable before reaching critical values of inci-
dence.
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Figure 9 Incidence at the rotor inlet as a function of the
blade span.
The stator incidence is given for both fans in Figure 10.
The highly separated flow obtained on the stator of Fan 1
is not surprising since the blade is characterized by very
high negative incidences along the span (≈ −50◦). For the
record, the second fan, unlike the first one, is equippedwith
a stator well-adapted to the flow direction in turbine mode.
This enables incidences to move towards positive values as
the flow coefficient increases. As visible on the graph, the
operating point of highest coefficient (φˆ∗ = 1.40) is not
the one corresponding to the most positive incidence. This
comes from the amount of extracted work, which is more
important for φˆ∗ = 1.35, leading to a higher deviation and
a more positive incidence. The results for Fan 2 show a re-
duction in the incidence intensity for each operating point
(by about 30◦ compared with Fan 1), as previously seen in
the rotor. Unlike the rotor, the highest negative incidences
in the stator are located near the shroud where the solidity
is smaller. In this case, both effects add up, facilitating the
separation. The location of the most negative incidences
near the shroud is more significant for the first fan since the
radial distribution for the second one is almost constant.
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Figure 10 Incidence at the stator inlet as a function of the
blade span.
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- Losses
To assess more precisely the machine losses for both
fans, the relative total pressure rate through the rotor and
the absolute total pressure rate through the stator are given
respectively in Figures 11 and 12.
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Figure 11 Relative total pressure loss as a function of the
rotor blade span.
Regarding the rotor, the radial profiles of Fan 1 show
that the losses at the lowest flow coefficient are relatively
constant along the span whereas for the higher two coeffi-
cients they increase from hub to shroud. On the contrary,
the Fan 2 is characterized by a constant distribution for all
operating points, showing a good control of the losses. In
addition, for Fan 1 most of the losses are recorded from
40% to 100% of the blade span, corresponding to the sepa-
ration observed in Figure 7b.
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Figure 12 Absolute total pressure loss as a function of the
stator blade span.
Regarding the stator, Figure 12 shows for Fan 1 a linear
raise in pressure rate for the lower two flow coefficients.
On the contrary, for φˆ∗ = 1.40, the massive separation near
the shroud that was reported before (Figure 7d) leads to
more important losses in this region. As a result, a non uni-
form distribution along the blade is observed. For Fan 2,
the losses are negligible for all the operating points since a
constant evolution is recorded for all operating points.
- Deviation
Another major aspect to take into account regarding the
energy recovery potential is the relative flow angle evolu-
tion, β2. An insight of its radial distribution is given for
both fans in Figure 13. As mentioned before, in order
to improve the potential, this study focused on increasing
negatively the value of β2. The results shows that the rela-
tive angle was highly increased (by at least 20◦) along the
blade for all operating points. The radial profile has a more
uniform shape from hub to shroud compared with the one
of the first fan. In addition, for Fan 1 at φˆ∗ = 1.35 and
φˆ∗ = 1.40, the distribution is rather constant in the upper
section of the blade, attesting the presence of the massive
separation mentioned before.
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Figure 13 Relative angle at the rotor outlet as a function of
the blade span.
- Switch zone
Finally, one last aspect remains to analyze: the local
topology of Fan 1 and Fan 2 at the switch zone between
the compressor and turbine modes. The mixed behaviour
observed for the first fan is visible on Figure 14. A red line
is plotted to indicate the radius corresponding to a zero lo-
cal work.
As reported previously in the literature, the numeri-
cal results underline the coexistence of antagonist zones
along the blade. Sections near the hub are characterized
by a positive value of loading coefficient, attesting of a
compressor-like behaviour. Conversely, outboard sections
correspond to a negative value of ψ, typical of an energy-
extracting mode. The two antagonist modes partially can-
celling each other, a poor performance is recorded. Sup-
pressing this behaviour was one of the main initial objec-
tives of the design study. By switching directly from com-
pressor to turbine mode through a zero work state along
the blade (Fan 2), a better performance is expected. The
corresponding results are given in Figure 15. Once again,
the red line indicates the zero local work.
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Figure 14 Total enthalpy variation as a function of the blade
span around the switch zone, for Fan 1.
As visible on Figure 15, the switch zone has been sup-
pressed, enabling the existence of clearly separate modes
on most of the blade, thanks to a constant work distribu-
tion. This result comes from a proper choice of the rotor
chord and metal angles during the design phase. Howe-
ver, the hub and shroud zones are characterized by positive
work, visible on Figure 15 for all operating points. Inside
the end-wall boundary layers, the axial velocity tends to
zero, reducing as a result the local flow coefficient in these
regions. The corresponding local loading coefficient in-
creases towards positive values, attesting the presence of a
local compressor mode.
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Figure 15 Total enthalpy variation as a function of the blade
span around the switch zone, for Fan 2.
Conclusions
The objective of this paper was to assess the accuracy
of a new 1D method dedicated to the design of dual func-
tioning axial geometries (compressor/turbine). To this end,
mixing plane steady simulations were carried out. The
study essentially focused on the analysis of losses and
work for two fans (baseline/optimized designs).
Numerical results underline that the new fan is charac-
terized by higher work and lower losses, compared with
the first one.
Design efforts aimed at:
- suppressing the mixed local behaviour at the bounda-
ry between the compressor and turbine modes;
- reducing negative incidences on both rotor and stator,
typical of load controlled windmilling operation;
- improving the energy recovery potential by increasing
the relative flow angle at the rotor outlet.
All the initial objectives of the design study were
achieved, according to this preliminary numerical work,
thanks to an appropriate choice of geometric parameters
(chord, metal angles). The new geometry enables a clear
switch between the two functioning modes, thanks to a
constant work distribution. In addition, highly negative
incidences were significantly reduced, delaying as a re-
sult the separation. For Fan 2, at the same adimensionali-
zed flow coefficient, no separation is observed on the rotor
while very confined zones are reported in the stator. In or-
der to increase the potential, the radial distribution of the
rotor metal angle was improved (set to more negative va-
lues).
All these improvements explain the reason why the
Fan 2 possesses such a high performance in turbine mode.
At the same time, compressor performances were pre-
served. To conclude, a particular attention was given to
the rotor optimization since it is the only row exchanging
work with the flow. However, to completely establish the
legitimacy of the design method and confirm the dual abili-
ty of the second fan, an experimental study will be carried
out for compressor and turbine modes.
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